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Abstract— A noncoheeent limiter -discriminator recever is often con-
sidered for the Bluetooth systembecauseof its simplicity and low cost.
While its performance is more than adequatefor somechannels,the re-
sults are significantly degradedin either an interference-limited erviron-
ment or a frequency selectve channel. In this paper, we compare the
performance of the traditional limiter-discriminator with integrate and
dump filter to a more sophisticated Viterbi recever. We find that the
Bluetooth accessodeis sufficient to be usedfor channelestimationin the
Viterbi recever. A comparisonis carried out in a Rayleighfading channel
and in the presenceof interferenceeither from another Bluetooth piconet
or an IEEE 802.11bwirelesslocal area network. Performance metrics
include bit error rate and packet lossrate.

|. INTRODUCTION

Bluetooth(BT) worksin the 2.4 GHz unlicensedSM band,
which is alsosharedby othercommunicatiorsystemsnclud-
ing 802.11wirelesslocal areanetworks (WLANS). The pri-
mary rangeof operationis 10 meters,but it canbe extended
up to 100 meters. In typical indoor applicationswhere the
channelexhibits low delayspreadandthereis a strongsignal
pathbetweerthetransmitterandthe recever, thenoncoherent
limiter-discriminatorwith integrateand dumpfilter (LDI) re-
ceiverachievesreasonablperformancgl]. However, it would
be usefulto make the radio systemmorerobustso asto max-
imize the quality of servicein outdoorandlargeindoor appli-
cations.

Someexperimentshave beenconducted?], [3], [4] to eval-
uatethe power delay profile of indoor channelsat 2.4 GHz.
Thechannels roughly catgyorizedinto two majorclasses(1)
channelswith aline-of-sight(LOS) pathand(2) channelswith
anobscuredpath. For anLOS path,Kim etal. [2] find thatit
canbereasonablapproximatedy a Rician distribution with
K = 5, whereK is theratio of the power of thedominantpath
to the power of the scatterecpaths. For a pathwith obstruc-
tions, the probability densityfunction (pdf) of the amplitude
of thefadingsignalis Ricianwith K = 2, whichis closeto the
Rayleighdistribution. The root-mean-squar@ms) averageof
thedelayspreadrariesbetweerv5 nsecto 90 nsec.Zhangand
Hwang [4] reportan rms delay spreadas large as 217 nsec.
Wilkinson [5] studiedthe channelfor the DECT systemand
consideredh worstcasermsdelayof 200and300 nsecfor in-
doorandoutdoorchannelsrespectiely. Also in this report,a
Rayleighfadingdistribution wasconsidered.

Another challengingissuefor the Bluetooth systemis the
coexistencewith other Bluetooth piconetsand/orwith IEEE
802.11WLANSs. The interferenceemitted by theseradios
may severely degradethe operationof a Bluetoothradio. The
Viterbi recevermayalsobea promisingsubstitutefor the LDI
receverin thiscase.

This papers main contribution is to evaluatethe Bluetooth
performancen hostile ervironments. Two scenariosrecon-
sidered: (1) a multipath Rayleighfadingchannel,and (2) an
interference-limitecervironment. We show the bit error rate
performancen thesescenariomswell assystemlayerperfor
mancefor Bluetoothvoice paclets.

Il. BLUETOOTH

Bluetoothoperatesat a channelbit rate of 1 Mbit/sec[6].
The modulationis Gaussiarfrequeng shift keying (GFSK)
with a nominalmodulationindex of Ay = 0.33 anda normal-
ized bandwidthof B,T = 0.5, where B, is the 3 dB Band-
width of thetransmitters Gaussiatow pasdilter, andT is the
bit period. The Bluetoothradio employs a frequeng hopping
schemdn orderto mitigatethe effect of interferenceandfad-
ing. Thereareatotal of 79 hoppingchannelsgachseparated
by 1 MHz, andthe hoppingfrequeng is changedn a paclet
by pacletbasis.

A. TheGFSKSignal
The GFSKsignalcanberepresentety [7]

s(t,a) = Acos(2mfet + $(t,a)), (@)

whereA = % E, is the enegy per databit, f. is the
carrierfrequeng, anda is therandominput streamcomprised
of the databits «;; ¢(t, a) is the outputphasedeviation, given

by [7]

n n—L
#(t,a) = 2rwhy Z a;q(t —iT) + why Z a;. (2)
i=n—L+1 i=—o00

Thesecondsumis theaccumulateghhaseof all previoussym-
bols, andit is called the phasestate. ¢(t) = ffoo g(m)dr,
whereg(t) is the impulseresponseof a Gaussiarfilter, and
L is the length of g(¢) in bit periods. For Bluetooth with
ByT = 0.5,wehave L = 2.

B. LDI Receiver

This recever consistsof a pre-detectionbandpasdilter,
a limiter-discriminator and an integrate and dump filter as
shavnin Fig. 1. Detailsonthedesignof therecever, including
parametechoicesaregivenin [1].
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Fig. 1. Simulationmodelfor theLDI recever.
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In anAWGN channeltheoptimumvaluefor B;p = 2B, is
chosemas1.1 MHz [8],where B, is the 3 dB bandwidth. The
integrateand dumpfilter hasa rectangulaimpulseresponse
with alengthof T. Theappropriatessamplingtime is choserat
the maximumeye opening.

ha(t) =

C. Viterbi ReceiveMith Equalizer

The Viterbi recever takesadvantageof the phasdrellis cre-
ated by the transmitter For GFSK with modulationindex
hy = 2k, p2"~! statesarerequiredior the Viterbi receier[7].
Givenhy = 1/3 andL = 2, thetotal numberof phasestates
is p = 6, whichincludes{0, Z, 2%, 7, 4, 37}, Consequently
thetotal numberof statesfor the BluetoothViterbi receveris
6 x 2 = 12. Thisrecevermaybetoocomplex for low costim-
plementationsinceit requiresalot of signalprocessindhard-
ware.

Oneway to simplify the recever is to remove the effect of
the additionalphasestatesn the decodingtrellis. This action
canbe doneby not only passingthe cumulative metricsfrom
anodeto all its successonodes but alsoby passingheinfor-
mation aboutthe phasestate. In this way, after selectingthe
metric with minimum value, the phasestateof that metricis
alsorecordedatthe new trellis node. This architecturechange
requiresaddinga little compleity to branchmetric calcula-
tions,but it reduceghetotal numberof trellis statefrom 12to
2. We do not addary additionalstateso accountfor channel
multipathdelay However, if moresignalprocessings permit-
ted in the recever design,the memoryof the channelcould

alsobe consideredsadditionalstates.

Becauseno equalizationis intendedin Bluetooth,no train-
ing sequencas explicitly definedin the standard.We found
that the 64 bit accesscodes,which are sentin every paclet,
shav good correlationproperties,and so canbe usedfor the
estimatiorof thechannel This estimations thenusedto com-
pensatefor the effect of fading and phaserotationin the re-
ceivedsignal.Also, thecorrelationfunctioncanbeusedor the
purposeof synchronizationln orderto have afair comparison
with the LDI recever, the Viterbi recever front end contains
the sameGaussiarfilter to rejectout of bandinterferenceand
noise.Resultsfor this receverappeain SectionlV.

I11. CHANNEL AND INTERFERENCE

Our channelmodelis a simple Rayleigh fading two ray
model, with variable delay betweenthe two equal average
power paths. If the time delay betweenthe pathsis equalto
71, therms of the delayspreads, o = 0.57;. This modelis
a goodapproximatiorfor indoor channelsgspeciallyfor low
rmsdelayspreadsr < 100 nsec,but theresultsfor higherde-
lay spreads > 200 nsecareoptimisticin comparisorto more
accuratemodels[5]. The fadingis assumedo be static for
the durationof the paclket length,andthe channelcoeficients
are sampledat the paclet rate. This is a weak assumption,
sincethe coherencdandwidthof the indoor channelss usu-
ally greaterthanthe frequeng separatiorof the hops[2], [9],
andthe fading statisticsmay not vary for several consecutre
paclets.

For the secondscenario,we considerthe performanceof
Bluetoothin the presenceof interference. The channelis
AWGN in this case andtheinterferencenaybeanotheBlue-
tooth piconetor an 802.11bsystem. The 802.11bWLAN
can use either direct sequencespreadspectrum(DSSS) at
1 or 2 Mbits/sec, or it can use complementarycode key-
ing (CCK) [10] at 5.5 or 11 Mbits/sec. Here, we consider
1 Mbit/sec DSSS.At this bit rate, databits are spreadby a
Barker codewith 11 chipsperbit, which leadsto a rateof 11
Mchips/sec. The modulationis differential BPSK (DBPSK),
which facilitatesnoncoherentletection.A pulseshapindfilter
may be employedto reducethe out of bandemissionsthereby
giving aninterferencebandwidthof 22 MHz.

EitheraBluetoothoran802.11ktypeinterferencesignalcan
berepresenteds

S1(t,b) = Beos(2m(fe + fa)t + 42(t, b)), (4)

whereb is therandominput datathatis independenof a, and
¢ depend®nthetypeof theinterferer f; isthefrequeny dif-

ferencebetweerthedesiredsignalandtheinterferenceWe as-
sumethattheinterferencesignalis alwayson andexistsfor the
entirelengthof the Bluetoothpaclet. Also, for a purephysical
layer simulation,thereis no error correctionand retransmis-
sionin the channel.The Bluetoothradio channelsaare1 MHz

apart,so f cantake valuesof 0,1,2 - - - MHz. Thebandwidth
of the 802.11bsystemis 22 MHz, so we carriedout simula-
tionsfor f; < 11 MHz. Thereare N s = 44 samples/bitwhich
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Fig. 2. Performancén the AWGN channel.

equals4 samples/chigor the 802.11bsystem.This sampling
rateis appropriatefor f; up to 22 MHz. A uniform random
delaytq € [0 T') andarandomphasep, € [0 27) areapplied
to theinterferersignalfor eachpaclet.

V. PERFORMANCE RESULTS
A. PhysicalLayerPerformance

As a baselinefor the performancecomparison®of the two
recevers,we first considerthe AWGN channel.Fig. 2 shavs
that the Viterbi recever hasa gain of 4 dB over the LDI re-
ceiverataBER of 10~2. Thegainincreaseso about5 dB at
10~3 andnearly6 dB at10~°. Becausef theshortrangesn-
volved,evenfor atransmitpowerof 1 mW, thereceivedEy, /N,
is typically very high. Consequentlyif oneconsidersonly this
channelthereis noneedfor themorecomplex Viterbirecever.

Simulationresultsfor the LDI receverin thetwo ray chan-
nel are presentedn Fig. 3(a). For very low delay spreads
wherethe channekexhibits flat fading,anaverageE, /Ny level
of 30dB is requiredto achiese aBER closeto 1023, This per
formanceis not maintainedaso getshigher, andfor ¢ > 100
nsec,evenfor high valuesof E;, /Ny, the performances poor.
The Viterbi recever performancein Fig. 3(b) indicatesthat
this recever cantoleratemore delay spread,and it achieves
BER = 102 for o ~ 300 nsec.Also, this recevver is insen-
sitive to the samplingtime of the signal.

BER measurement®r aninterference-limitecérnvironment
arepresentedn Figs.4 and5; in all casesthe carrierto-noise
ratio, CNR = 30 dB.

In thesefigures, f; is the absolutefrequeny offset be-
tweentheBluetoothsignalandtheinterferenceThecarrierto-
interferenceratio (CIR) is definedasthe ratio of the receved
signalpower to therecevvedinterferencepower, andit is mea-
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Performances a function of channeldelay spread.(a) LDI

suredattheinputto the bandpaséilter. Fig. 4 containgthere-
sultsfor bothViterbiandLDI recevversexperiencingBluetooth
interference For the Viterbi recever, thereis a2 dB improve-
mentfor co-channeinterferenceandabout3 dB improvement
for theadjacenthannel.Thefigurealsoshawvsthatthe Viterbi
receverproducesnoreerrorsthantheLDI receverin thepres-
enceof a stronginterferer(low CIR). The main reasoris that
the interferencereduceghe effectivenesf the channelesti-
mator usedin the Viterbi receiver. However asthe CIR in-
creasesthe channelestimatorperformsbetterandthe overall
BER improves. Other narrovbandinterferencesignalswith
fa > 2 MHz arestronglyattenuatedby thebandpaséilter, and
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Fig. 4. Performancevith Bluetoothinterference.

they do not produceerrorsfor thisrangeof CIR.

Forthe802.11hinterferenceFigs.5(a)and(b) shov thatfor
frequeng offsetsupto 10 MHz, thesystenis still interference-
limited. This result stemsfrom the fact that the two-sided
bandwidthof the 802.11bWLAN is 22 MHz, which is much
wider thanthatof Bluetooth.

The LDI recever needsat leastCIR = 4 dB in orderto
get BER < 1072 for all frequencies. The degradationfor
fa < 4 MHz is the same sincethe 802.11bspectrumis flat at
theseoffsets.In Fig. 5(b), we obsene adramaticenhancement
in performanceor the Viterbi recever over the LDI recever.
TheminimumrequiredCIR is about-4 dB in this case.Since
the 802.11binterfereris more like uncorrelatechoise at the
input of thisrecever, this level for CIR canalsobe concluded
by looking at the performanceof the Viterbi recever in the
AWGN channel(Fig. 2). This recever requiresE,/Ny = 8
dB for BER = 10~2. The bandpassilter hasabout12 dB
out-of-bandrejection. So, the maximumtolerableCIR at the
input of thereceveris about-4 dB.

B. SysteniLayerPerformance

While the resultsof the previous sectionstrongly suggest
thatthe Viterbi recever providessubstantiallybetterphysical
layer performancethe main questionis how doesthis advan-
tagetranslateinto bettersystemlevel performance Four fac-
tors affect this mapping: (1) the frequeng hoppingpatternof
theBT system(2) theerrordetectiorandcorrectionin the BT
mediumaccesgontrollayer, (3) the BT traffic patternand(4)
thetraffic patternof the interferer Theseissuesarediscussed
in muchgreaterdetail in [11], whereperformanceaesultsare
providedfor anumberof scenariosall usingtheLDI recever.

The frequeny hoppingimplies that the probability a BT
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Fig. 5. Performancevith 802.11binterference.(a) LDI recever. (b)

pacletfallswithin theinterferencdoandwidthis approximately
22/79.Eventhen,theBER will dependnthefrequeng offset
betweerthe two received signalsandwhetherthe interfereris

actuallytransmitting.

We considelatwo-way communicatiorbetweeraBluetooth
masterandslave, whereeachis sending64 Kbits/secof HV1
voice paclets. Thesepacletscontainthe BT accessode,the
paclet headerandthe payload. The accessodewords have
large Hamming distancesbetweeneachpair, while both the
headerandpayloadareprotectedby 1/3 raterepetitioncodes.
The overall pacletlengthis 366 bits. An uncorrectecerrorin



0.12 T
—8- LDI
—&~ Viterbi

0.1

o
1=
&

Pr(Packet Loss)
o
o
>

0.04

0.02

-20 -15 -10 -5 0 5
CIR (dB)

Fig. 6. Bluetoothvoice paclerlosswith 802.11hinterference.

eitherthe accessodeor the headereadsto the paclet being
dropped.

Fig. 6 shavs the probability of pacletlossversusCIR for
boththe LDI andthe Viterbi receivers. For the LDI recever,
aCIR = 0 dBis necessaryo getlow pacletloss. However,
this valuedecreaseto CIR = —5 dB for the Viterbi recever.
In both caseswe use exponentiallydistributed paclet inter-
arrival timesfor theWLAN, with anofferedloadof 50%. The
pacletlengthfor the WLAN interferences fixedandequalto
8,000 bits.

V. CONCLUSIONS

We have investigatedhe performanceof the Bluetoothra-
dio by employing two differenttypesof recevers: (1) a low
costLDI and(2) a moresophisticated/iterbi recever. From
the physical layer simulation results, we concludethat the
Viterbi receveris superiorin boththe multipathRayleighfad-
ing channelandin interference. This superiorityis particu-
larly considerablén the latter case gspeciallywhentheinter
ferencecomesfrom an802.11bWLAN. We have alsoshavn
systemlevel performancefor Bluetoothvoice pacletsin an
interference-limitecervironment. Eventhoughthe frequeny
hoppingand error correctionhelp both recevers, therebyre-
ducingthedifferencesn performancelueto thephysicallayer,
the Viterbi receiver still providesa substantiaimprovement.

Oneissueof presentoncernis the large allowed deviation
in aBluetoothtransmitters modulationindex. While thenom-
inal valueis 0.33,therangeis 0.28 to 0.35. For a Viterbi re-
ceiver designedo usethis nominalvalue,we find thatit is ro-
bustto variationsof about+0.01. Althoughtherearemethods
that allow oneto estimatethe modulationindex [12], the re-
ceiverarchitectureincludingthe numberof stateswould have

to be changed. Therefore,we suggesthat the deviation al-
lowedin the standardereduced.
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